ABSTRACT. The difference in 700 hPa height patterns was examined on a seasonal basis between years with high numbers and low numbers of cyclone passages through
INTRODUCTION
According to the geostrophic relation, strong winds can result from strong pressure gradients, which often occur in the vicinity of low pressure centers. However, they can also result from mesoscale events such as convective precipitation events and thunderstorms. Strong wind events drive episodic evaporation from lakes (Blanken et al. 2003) and can also drive forced turbulence within lakes, with consequences for vertical mixing of nutrients and resultant biological effects (Lam and Schertzer 1987) . They can also affect the formation and transport of ice. Hence, as an adjunct to the Great Lakes Environmental Research Laboratory's (GLERL) International Field Year for Lake Erie (IFYLE, Hawley et al. 2006) , we have sought to investigate the occurrence and characteristics of both low pressure systems and strong wind events on and low-level baroclinicity, and stronger low-level southerly flow.
Other studies have looked more broadly at the passage of low pressure complexes through the Great Lakes region and the statistical association of this with larger-scale patterns. Isard et al. (2000) analyzed the incidence of cyclone passage within a large area surrounding the Great Lakes, and found a greater incidence of cyclones in the region during times of negative Pacific-North America (PNA) index than during time of positive PNA index. This applies particularly to cyclones originating from the west and southwest. The PNA is a pattern of geopotential heights, often defined at 500 hPa, but also at 700 hPa, that in the positive phase has a train of high geopotential height near the equator in the Pacific, low in the northern Pacific, high over northwestern North America, and low over southeastern North America (Wallace and Gutzler 1981, Barnston and Livezey 1987) . Rodionov (1994) found additional correlations with precipitation. Wintertime precipitation over the Great Lakes basin is strongly correlated to an index of 700 hPa height (his equation 4) that he calls the Great Lakes (GL) index. The GL index is related to the PNA pattern, but has its centers of action somewhat shifted in space in order to optimize its correlation to Great Lakes precipitation. Although Rodionov (1994) , in his Figure 4 , shows a center of action in the North Atlantic near Iceland, reminiscent of the North Atlantic Oscillation (NAO), this center of action is not included in the discussion.
The NAO is a pattern defined by either mean sea level pressure or by 700 hPa height, in which the positive phase of the NAO has anomalously low pressure/geopotential height over the Atlantic sector in the vicinity of 60°N latitude and anomalously high pressure/geopotential height over the Atlantic near 40°N, thus enhancing the ambient pattern of Azores High and Icelandic Low (Barnston and Livezey 1987). The negative phase has the opposite anomalies. The Arctic Oscillation (AO) is a pattern that is related to the NAO, but with pressure anomalies that spread beyond the North Atlantic sector to cover much of the northern continents of the Northern hemisphere along with the Arctic Ocean as one end of the dipole, and the midlatitude parts of the continents as well as the oceans as the other part of the dipole. Rodionov (1994) demonstrates that one can create custom indices that may be well-correlated with climatic variables in a particular area of interest, and while they may not correspond to one particular standard teleconnection pattern, a combination of patterns, such as both PNA and NAO, may correspond more closely to the correlated pattern and may facilitate some predictive skill. These combinations of teleconnections may be the cause of changes in average jet stream position and strength over seasonal periods, although the causality could also potentially be reversed-latitudinal mixing of air resulting from cyclone activity can affect the thermal gradient over the North Atlantic that results in a general pattern of northern high pressure and southern low pressure.
Although the preceding discussion shows that attention has been paid to the connection of cyclones and frontal weather systems to precipitation events, and of teleconnection indices to seasonal precipitation, there seems to be little parallel work on wind events. In this paper, we attempt to find connections (1) between wind events and the passage of cyclones, and (2) seasonal-to-annual incidence of cyclone passage and custom-defined teleconnection indices that optimize correlation with these events. This is carried out specifically in the context of Lake Erie.
DATA
The dataset of Serreze et al. (1997) is used for tracking cyclones through the region of Lake Erie. This dataset is derived from the NCEP/NCAR Reanalysis Dataset (Kalnay et al. 1996) , which has a grid spacing of 2.5 degrees. With such a coarse spacing, there are only two grid points in the immediate vicinity of Lake Erie, one at 42.5°N, 80°W, in the eastern part of Lake Erie, and one at 42.5°N, 82.5°W, just north of the western part of Lake Erie. Serreze et al. (1997) define a cyclone as a grid point surrounded by grid points with sea level pressure at least 2 hPa higher. Their tracking algorithm usually involves locating a cyclone in the same or adjacent grid points at successive 12-hour reporting intervals; some more involved rules are occasionally invoked when a cyclone might have traveled a greater distance during that time. We use both the Serreze et al. (1997) and Kalnay et al. (1996 Kalnay et al. ( ) data between 1951 Kalnay et al. ( and 2003 Wind data were acquired from the edited historical wind data available from the National Climatic Data Center for stations at Cleveland Hopkins Airport (41.4°N, 81.85°W). In order to compensate for the changes with time in anemometer height at this station, a correction was made to the measured wind speeds, following Peterson and Hennessey (1978) : v c =v a (10 m/h a ) 0.14 , where v c is the estimated wind speed at 10 m height, v a is the wind speed measured by the anemometer, and h a is the height of the anemometer above the surface at the station.
METHODS
A variety of teleconnection indices are recognized, but in this study we have chosen to define custom indices that might best predict cyclone passages and number of strong wind events on a seasonal basis for the Lake Erie region.
We used the cyclone path dataset of Serreze et al. (1997) to get the number of distinct cyclones passing through the Lake Erie grid points (42.5°N, 80°W
and 42.5°N, 82.5°W) during each of the standard meteorological seasons for each year: December-January-February (DJF, with the December being from the year previous to the year used for labeling the season), March-April-May (MAM), June-July-August (JJA), and September-OctoberNovember (SON). There are 53 years for which we analyzed both the Serreze et al. (1997) data and the NCEP-NCAR reanalysis data, and we tried to choose the ten years with the greatest number of cyclone passages and the 10 years with the smallest number. Because of the discrete numbers of cyclone passages, ties are frequent, and subjective decisions were made to get numbers of years near ten, with years tied with one another for number of cyclones all either included or excluded.
Difference maps were made for 700 hPa heights by subtracting the values for the years with the smallest number of cyclone passages from those for the years with the greatest number, in each season. From these maps, centers of low and high values of difference in geopotential height were chosen in order to define custom indices by which the number of cyclone passages can be linked to the geopotential height patterns. The selection of centers involved some subjective choice, with the greatest magnitude of positive and negative height differences generally being chosen, but with preference being given to centers located over or near the North American continent. The statistical significance of these high and low centers was also given consideration in choosing the definition of the custom index, and for a few seasons, alternative indices are presented here.
The seasonal mean value of these custom indices was then calculated for each year, and correlated with the number of cyclones during that season. We did not anticipate any theoretical reasons or find any empirical evidence to argue for using a regression method other than a simple linear regression between atmospheric indices and number of cyclones. One difficulty is that the numbers of cyclones are always integers, while the indices are values along a continuum.
In order to get more directly at wind events, this procedure was repeated using strong wind events rather than cyclone passages. Starting from hourly values of wind speed at the stations, adjusted for anemometer height as described in section 2, the daily maximum wind was derived. A cutoff value was established that included all events that tied or exceeded the value of the day at the 96 th percentile for a season, and a count was made of all days within that season of each year on which that wind speed was met or exceeded. Although the adjustment for anemometer height produced some differentiation, many ties still occurred because wind speeds are reported in integral numbers of knots. Following this, the top and bottom years (roughly ten of each) were used to define a custom index, and correlations to this index were calculated.
RESULTS

Cyclone Track Climatology
The tracks of cyclones entering the Lake Erie area during the years 1980 to 2003, according to the data of Serreze et al. (1997) , are shown in Figure 1 . During DJF (Fig. 1a) , there are more cyclones than in the other seasons, almost all coming from a direction with a westward component. Although Whittaker and Horn (1984) noted discrete tracks for cyclones entering the vicinity of the Laurentian Great Lakes, Figure 1a does not give strong evidence of separation among distinct tracks. Rather, it gives a range of directions of origin, from southsouthwest to northwest, with a few exceptional tracks during this time period having the final stage of their approach from the south, south-southeast, and northeast.
During MAM (Fig. 1b) there are slightly fewer cyclones that reach Lake Erie, and considerably fewer during JJA (Fig. 1c) . During these seasons, especially during JJA, the cyclones are generally of lesser intensity as well (not shown). During these seasons, they tend to originate from directions more directly to the west compared to DJF, although several tracks during MAM approach from the northwest and a small number from the northeast and southeast. During SON (Fig. 1d) , there are fewer tracks than during DJF and MAM, with several of them originating from the northwest and southwest.
Cyclone Frequency and Teleconnections
The presentation of results here will examine patterns of 700 hPa height correlated to cyclone passage over Lake Erie and strong wind events at Cleveland Hopkins airport. The patterns of difference in 700 hPa height between the most active years and the least active years in terms of cyclone passage are shown in Figure 2 . The years used are shown in Table 1 .
The 700 hPa height pattern associated with high numbers of cyclones over Lake Erie during DJF (Fig. 2a) shows a pattern similar to the negative phase of the NAO (with the distinction that the standard definition of the NAO uses mean sea level pressure rather than 700 hPa height) or, because of the broad longitudinal extent at high latitudes, the AO. The secondary positive center over northeastern North America in this case forms an extension of the broad high pressure anomaly at high latitudes.
A set of simple dipole indices was defined to attempt to capture a correlation with cyclone passages. The choice of points from which to construct dipole indices was subjective, with preference given for magnitude of the observed anomaly, proximity to the area of interest (Lake Erie), and statistical significance if possible. The index that was defined as a first guess for DJF was constructed by subtracting the geopotential height at 42. 5°N, 20°W from that at 80°N, 55°E (Table 2) . While the Table 1 . Triangles indicate the positive and negative centers of the custom indices defined in Table 2 , while asterisks indicate the positive and negative centers of the "DJF Pacific" index and the "SON North America" index.
latter positive center shows statistical significance in Figure 2a , the former negative center does not. The scatterplot of number of cyclones per DJF season vs. this custom-defined index is shown in Figure 3a . The linear regression shown has an R 2 value of 0.047. We have a sample size of 53 years; for a 50-member sample set, the 0.05 level of likelihood for a one-tailed test is reached at R 2 = 0.053. Thus, we have not reached the 95% level of confidence that the slope of the regression line is greater than zero. Furthermore, the slope of the regression line is small, limiting its predictive capacity. Although the passage of greater numbers of surface low pressure systems when the 700 hPa height is higher over the Great Lakes region seems counter-intuitive, these conditions are not entirely contradictory. Seasonal mean anomalies in pressure or geopotential height can produce only relatively small gradients relative to cyclones; cyclones are defined by the pressure relative to adjacent grid
FIG. 2. Continued.
points, not to larger field; and cyclone passages represent a higher moment of temporal variation than seasonal mean values.
However, the pattern of geopotential height differences shown in Figure 2a shows additional centers of anomalies in the Pacific Ocean region. Thus we define the index called "DJF Pacific" in Table 2 . This pattern bears some resemblance to the Western Pacific pattern and the Pacific Decadal Oscillation, but has its southern (positive) center located too far north to match either of these. While there is not statistical significance shown in Figure 2a right at either of the points used to define this dipole, its negative center, defined at the point of greatest negative value, has a region of statistical significance to the northeast. This indicates that while the difference between the two groups of years that were used was not as great to the northeast of the negative center, the ambient interannual variability there is less, giving it a more significant t statistic. The regression to this index is shown in Figure 4a ; it has a similar slope as Figure 3a , and its R 2 value is 0.067, thus exceeding the 95% confidence level. Still better correlation (R 2 = 0.80) is achieved by using the "DJF Arctic" index, which uses the two high-latitude centers shown in Figure 2a and named in Table 2 . The scatterplot and regression for this index are in Figure 4b .
Finally for this season, we combined the two indices for DJF by addition and created the "DJF quadropole" index. This index sums the geopotential heights at 80°N, 55°E and 37.5°N, 170°E, TABLE 1. Years with high and low number of cyclone passages through the Lake Erie region during each season. The threshold number of cyclone passages required to be in each category is indicated in parentheses.
Season
Years with high number (minimum) Years with low number (maximum)
December, January, February 1952 , 1954 , 1955 , 1960 , 1976 , 1977 , 1961 , 1962 , 1963 , 1971 , 1981 , 1983 , 1989 , 1978 , 1986 , 1991 , 1992 , 1997 , 1994 , 1995 , 1996 , 2003 (2) 1998 , 2001 March, April, May 1951 , 1952 , 1953 , 1956 , 1961 , 1965 , 1958 , 1962 , 1976 , 1977 , 1985 , 1993 , 1972 , 1980 , 1982 , 1983 , 1984 , 1989 , 1996 , 1999 , 2001 1992, 1997 (6) June, July, August 1951 August , 1953 August , 1960 August , 1963 August , 1970 August , 1971 August , 1954 August , 1955 August , 1957 August , 1958 August , 1959 August , 1961 August , 1962 August , 1972 August , 1976 August , 1981 August , 1982 August , 1983 August , 1985 August , 1965 August , 1966 August , 1969 August , 1974 August , 1975 August , 1977 August , 1978 August , 1987 August , 1989 August , 1991 August , 1992 August , 1994 August (3) 1979 August , 1984 August , 1990 August , 1993 August , 1995 August , 1999 August , 2000 September, October, November 1953 , 1959 , 1970 , 1975 , 1976 , 1979 , 1956 , 1963 , 1964 , 1965 , 1969 , 1974 , 1991 , 1985 , 1995 , 2002 (4) 1998 , 1999 , 2003 and subtracts the heights at 42.5°N, 20°W and 60°N , 170°W. This combination of the two dipole indices results in a greater R 2 of 0.106. As a simple indicator of the amount of information that can be derived from this regression, the regression line in Figure 4c , within the range of indices that have been observed, predicts a range of number of cyclones between 2.62 and 5.33, while the observed numbers range from 1 to 9. Thus, even if we consider this definition of the index to be optimal and can predict this index correctly, the resulting bestguess predictions will cover only about one-third of the observed range of values, and most of the variation will remain unpredictable.
During the MAM season, more cyclones occur when the 700 hPa height is high over the eastern Atlantic and low directly over the Laurentian Great Lakes (Fig. 2b) . The magnitude of these centers is comparable to those found for DJF (Fig. 2a) , and the correlation between the index and cyclones is better (R 2 = 0.158). However, the positive center off the west coast of Europe does not have significance at the 95% level.
The patterns in 700 hPa height differences between years with greater number of cyclones during JJA and those with lower numbers have smaller amplitude and broader spatial features (Fig. 2c) . However, there are statistically significant centers of both positive and negative values in the North America-Arctic region. One factor at work here is the generally smaller number of cyclone passages during JJA, resulting in a larger number of years tied at each value. Seventeen years, each with three or four cyclones, are chosen as the high years, while 21 years, each with zero or one cyclone, are the low years (Table 1) , excluding only the years with exactly two cyclones during JJA. The R 2 value for index-cyclone correlation during JJA is 0.100. Figure 2c also includes a sizable area of statistically significant 700 hPa height anomalies over western Africa and extending to the west, and similar regions will appear in later figures. These locations generally have small magnitude of height anomaly signal compared to locations at higher latitudes, but this is offset by small ambient variability to result in statistical significance. These distant regions of low signal are ignored for purposes of defining indices.
During SON, the greatest amplitude feature is a dipole between the North Sea region by northwestern Europe, and the north-central Atlantic (Fig. 2d) . This dipole was used as a first guess but lacks statistical significance in the North Sea. The index defined using this correlates to cyclone passage during this season with an R 2 of 0.151.
Another index is also devised for the SON season, called the "SON North America" index (Table  2) . Even though the magnitude of both centers of this index are less than those in the initial SON index, both of them are significant at the 95% level.
The regression shown in Figure 4d has an R 2 of 0.223, and the linear fit ranges from about 0.5 cyclones to greater than 4, covering a large piece of the observed range from 0 to 7.
A simple resampling scheme was used to help verify the robustness of the patterns shown in Figure  2 . Various years were dropped from the calculation, choosing the chronologically first half of those years that had a number of cyclone that tied with several others at the threshold value for the high range of cyclone number, along with the chronologically first half of the years that were tied at the threshold for the low range of cyclone number. These datasets were also matched with sets that excluded the last half of the years that were tied at the threshold of each group. Thus there were four pairs of datasets corresponding to each panel of Figure 2 , each with the high cyclone group of years and low cyclone group reduced by 3 to 5 years. With the exception of the point near Greenland during JJA, centers of the respective low and high geopotential height were at Table 2 .
or near those defined in Table 2 for all of these subsampled sets (not shown). As expected, the proximity of the low and high geopotential height centers in the subsampled sets was closer to that of the full set in cases where the statistical significance of the geopotential height anomaly was greater.
Wind Climatology in Cleveland
Many strong wind events are associated with cyclone passages, but in order to assess them more directly, a similar analysis is carried out keying on strong wind events in Cleveland rather than cyclones. In the wind readings from Cleveland Hopkins Airport, there is some seasonality to the wind speed and direction, but not a large amount. The wind direction (Fig. 5) is most frequently from the southwest in all seasons, with a secondary local maximum from the north and northeast, especially during MAM and JJA. While lake effects may have some influence on wind direction, winds that are predominantly from the south-southwest are not likely to be forced by a shoreline that is oriented 
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from the west-southwest to east-northeast, or in some nearby areas, directly west to east.
Daily maximum wind speeds are summarized in 
Teleconnections Associated with
Strong Winds in Cleveland As described in the Methods section, strong winds are defined as the top four percentile of daily maximum winds for a given season, over all years. Table 4 shows the years with the greatest and smallest numbers of strong wind days. Figure 6 shows the 700 hPa geopotential height patterns associated with the difference between these high and low years. Table 5 gives the geographic coordinates used to define custom indices of 700 hPa height and R 2 values of these indices' correlation to strong wind events, and Figure 7 shows scatterplots and regression lines of indices and strong wind events for each season.
The pattern indicating more strong wind events during DJF (Fig. 6a) has a high center in the North Sea that does not reach the 95% significance level, and multiple low centers-north of Russia, west of the Straits of Gibraltar, and over north central North America. In formulating the index, preference was given to the low center over North America, which is statistically significant. The regression (Fig. 7a) gives a relatively large R 2 of 0.191.
The MAM pattern (Fig. 6b) is similar to the DJF pattern ( Fig. 6a) with its centers shifted north and east. The dipole between northern Scandinavia and the Hudson Bay area yields a regression with R 2 of 0.141 (Fig. 7b) . The greatest magnitude part of the negative center near Hudson Bay is not statistically significant, but an area farther northwest is. The strong wind events during MAM are spread more evenly among the years than during DJF. Thus, while the maximum number of strong wind events during DJF in one year was 14, during MAM it was 11. This more even spread also leads to a shallower slope of the regression line in Figure 7b compared to Figure 7a , and hence requires a stronger shift in the index to predict a change in strong wind events. 
TABLE 4. Years with high and low number of strong wind events at Cleveland Hopkins airport during each season (strong wind events are defined in the Methods section). The threshold number of strong wind events required to be in each category is indicated in parentheses.
Season Years with high number (minimum) Years with low number (maximum)
December, January, February 1971 , 1972 , 1975 , 1976 , 1978 , 1981 , 1955 , 1957 , 1970 , 1995 , 1999 , 1982 , 1985 , 1988 , 1996 2002, 2003 (1) March, April, May 1959 , 1974 , 1976 , 1979 , 1980 , 1981 , 1952 , 1953 , 1958 , 1967 , 1968 , 1992 , 1982 , 1983 , 1985 , 1991 , 1996 (6) 1998 , 1999 , 2001 , 2003 June, July, August 1957 August , 1958 August , 1960 August , 1963 August , 1964 August , 1970 August , 1951 August , 1954 August , 1965 August , 1966 August , 1967 August , 1989 August , 1977 August , 1980 August , 1981 August , 1983 August , 1984 August , 1988 August (6) 1996 August , 1997 August , 2001 August , 2003 September, October, November 1957 , 1979 , 1980 , 1981 , 1983 , 1988 , 1951 , 1953 , 1967 , 1968 , 1969 , 1976 (1) 1990 , 1991 , 1993 During JJA, more strong wind events are associated with a high center almost directly over Iceland, and a more diffuse low center over northern North America (Fig. 6c) . This dipole, with 95% significance at both centers, yields a regression (Fig. 7c) with R 2 =0.132. It should be noted that strong winds during the summer are more often associated with thunderstorm activity, which, although often associated with cyclones and fronts, has a more random and short-lived character than the steady winds directly caused by cyclones.
During SON, more strong wind events are again associated with a high center near Iceland, although there is also a high of similar magnitude just south of Alaska. Even though there is a stronger low center over northern Europe, the one closer to North America, over the western Atlantic, was chosen in defining the custom index. The choice of this weaker center may be part of the reason behind the smaller R 2 found in this correlation-0.037, which does not achieve the 95% confidence level. The alternate choice of using the low center over Europe (not shown in Table 5 ) yielded a slightly greater R 2 of 0.047, still not reaching the 95% confidence level.
Resampling of the geopotential height data similar to that described in section 4b, but keyed to the data used in Figure 6 again shows a general agreement of geopotential height patterns between the full sample sets and the subsamples (not shown). Because of the smaller original sample sets (compare Table 4 to Table 1), only 2 or 3 years were eliminated in each subsampled set. The match between the full sampled data and the subsamples was slightly degraded relative to the results of Figure 2 , and again the poorest matches were found in the JJA season.
Stronger Cyclones over a Wider Area
As an alternative to simply counting cyclones that pass directly over Lake Erie, we can slightly widen the areal coverage in which we are looking for cyclone passages, but also set a threshold for strength of the cyclones to be considered. This allows for stronger cyclones that are centered nearby but not over Lake Erie to exert an influence on the winds over the lake. The associated teleconnection patterns may possibly agree more closely with those for frequency of strong winds than do the teleconnection patterns associated with any cyclone over the lake.
The region of examination was widened to one bounded by the longitudes of 76.25°and 86.25°W and latitudes of 38.75°and 46.25°N, with the requirement added that the Laplacian of the low pressure center (sum of second derivatives in each horizontal dimension, giving a measure of strength of the cyclone) be at least 1.5 × 10 -4 hPa m -2 . The resulting teleconnection pattern for DJF (Fig. 8a) is in closer agreement with the pattern for strong wind frequency shown in Figure 6a than the pattern in Figure 2a is. It displays the large low over North Table 5 .
America, albeit shifted further west, and the low near northwestern Europe in Figure 6a is also shifted farther west over the Atlantic. Also, the high geopotential height center near the Great Lakes in Figure 2a is replaced by a local minimum in height in Figure 8a , helping to resolve the issue of more low pressure passages through a broad area of higher 700 hPa geopotential height, discussed in the Cyclone Frequency and Teleconnections section.
On the other hand, SON (Fig. 8b) still does not show a strong resemblance to the pattern associated with strong wind events in Figure 6d . Although Figure 8b exhibits some north-south dipole character in the North Atlantic, its location is considerably farther south than in Figure 6d . When combined with the results presented in the Cyclone Frequency and Teleconnections section for all cyclone passages over Lake Erie and compared to the results for teleconnections for strong winds in Cleveland, the commonality between the cyclone and strong wind teleconnections in general could be greater. Figure 2 , but based on years with cyclone passages through a 7.5°latitude by 10°longitude box surrounding Lake Erie, and restricted to cyclones with a local Laplacian of the sea level pressure field of 1.5 × × 10 -4 hPa m -2 .
FIG. 8. As in
DISCUSSION
One thing that is common among several panels of Figures 2 and 6 is that their patterns resemble the negative phase of the North Atlantic Oscillation (NAO), or in several cases, the related Arctic Oscillation (AO). The DJF differences in 700 hPa height based on number of cyclone passages (Fig. 2a) and the SON differences based on number of strong wind events in Cleveland (Fig. 6d) both have features resembling both parts of the negative NAO dipole: a high in the North Atlantic near Iceland and a low in the Atlantic near 40°N. In Figure 2a , however, the high extends across the Arctic region, as in the AO pattern. The DJF (Fig. 6a) and MAM ( Fig. 6b ) differences based on strong wind events have similar features, but displaced farther east, encroaching onto the European continent. The JJA difference based on strong wind events (Fig. 6c) has only the high anomaly in the North Atlantic. Serreze et al. (1997) , in their Figure 8 , show that the greater NAO indices of 1983-1993 are associated with more frequent occurrence of cyclones in northeastern North America, although this figure does not depict the Great Lakes region. Their Figure 6 , however, shows positive NAO index strongly associated with more cyclones over southeastern Greenland and Iceland, but not over North America.
There is also some commonality in having a low center over northern North America. This is present in the 700 hPa height differences based on cyclone passages for MAM (Fig. 2b) and SON (Fig. 2d) , and in the height differences based on strong wind events for all seasons (Fig. 6) .
One pattern is evident in the 700 hPa height anomalies during the SON season based on frequency of cyclone passages (Fig. 2d) . This has the appearance of a wave train in the west-east direction. Although the centers that are located farther east have greater amplitude than those to the west, the positive center over the North Sea does not reach 95% statistical significance and the predictive value of the other two centers, over central North America and the western Atlantic, are greater (compare Fig. 4d to Fig. 3d) . A wave train aligned on more of a great circle orientation is also evident in the DJF season (Fig. 2a) , angling to the northeast over the Pacific, then turning toward the east and finally the southeast.
Some aspects of the mechanism by which these custom teleconnections are associated with strong wind events are suggested by Figure 9 . These panels show the difference in the magnitude of winds at the 200 hPa level (an estimate of the jet stream) between the 10 years with the greatest values of the custom indices formulated using the points in Table  5 and those with the smallest values. In Figure 9a for DJF, although there is a general decrease in wind magnitude at this level throughout the midlatitudes, this decrease is of lesser magnitude than other midlatitude regions associated with strong jet streams, notably the Atlantic storm track and extending into Europe, and also the Pacific storm track extending toward Alaska.
In Figure 9b for MAM, such a pattern is less identifiable. In general, for years with high MAM indices, 200-hPa winds are greater in swaths in both high-latitude and sub-tropical latitudes. There is a narrow band at mid-latitudes with a decrease, and North America has a departure from this general pattern in the form of a dipole pattern with increased winds over the central United States and decreases farther north. This indicates relative cyclonic horizontal shear at these high levels in the southern Great Lakes region.
During JJA (Fig. 9c) , the dipole over the western part of North America between stronger winds to the north and weaker winds to the south is indicative of a northward excursion of the jet in this area. This terminates in enhanced southward winds at this level over eastern North America. Although there may be relative convergence at this level associated with relative deceleration of the jet near the Great Lakes, the beta-effect divergence in geostrophic winds (i.e., arising from a gradient with latitude in the strength of the coriolis force) associated with this may provide a condition promoting the formation of thunderstorms. Such divergence would make this consistent with an association between smaller-scale convective storms and strong winds during the summer, rather than synopticscale cyclones. Furthermore, strong winds associated with thunderstorms are likely to be of shorter duration than those associated with cyclones, and thus have less importance in creating deep turbulence in Lake Erie. Unfortunately, summer is one of the primary seasons of interest for such mechanical mixing, because of the tendency for strong thermal stratification and the development of anoxic conditions at depth associated with lack of vertical mixing.
During SON (Fig. 9d) , 200 hPa winds are decreased almost everywhere in the Northern Hemisphere in association with the index that is also associated with frequent strong winds in Cleveland.
However, there is a local maximum in relative wind (i.e., minimum decrease in wind) over and to the southeast of the Great Lakes, which would tend to favor cyclogenesis in this region, although there is a region of greater decrease in winds to the west and northwest, inhibiting the formation of cyclones in this source region.
The definition of custom indices here has some advantages and disadvantages. A primary disadvantage is that the index that was chosen as being associated with the passage of cyclones through Lake Erie does not necessarily correspond to a leading mode of variability in the height field. As a result of this, it is unlikely to be excited by a single coherent mechanism, and its diagnosis and prediction will not be widely studied. Also, as implemented here, there is a degree of subjectivity in selection of points on which to base custom indices, with preference given based on magnitude of the anomaly, statistical significance, and proximity to the area of interest.
On the other hand, the advantage is that this pattern has been identified in a targeted way as being associated with a particular phenomenon of interest. Therefore, if predictive capability can be gained for these custom indices, some skill may be gained in predicting seasonal anomalies in the number of Lake Erie cyclones and strong wind events. Some aid in this is rendered by similarities between these indices and superposition of a few standard teleconnection indices. As noted above, some of these indices bear a resemblance to the negative phase of the NAO, but with shifts in the position of the high and low centers. Thus, combinations of NAO and other standard indices, such as Pacific North America (PNA), may be used to approximate these custom indices.
The fact that the custom indices were chosen by subtracting the years with the smallest number of cyclones or strong wind events from those with the greatest guarantees some level of correlation. Therefore the significance levels, which were assessed as exceeding the 95% level for all but DJF for the cyclone passages (using the index based on the dipole over the Atlantic) and SON for strong wind events, may be exaggerated.
One issue with the statistical treatment used here is that both cyclone passage and strong wind events are defined by counts of events. This is in contrast to temperature and seasonal mean precipitation, con- tinuum value-type variables that are more commonly used as predictands in teleconnection-based probabilistic outlooks. Thus cyclone passages and wind events are discrete numbers and are not normally distributed. While many values lie in the lower end of the range, there are a few high values, and non-linear relations may result. Even though Figure 4c was used as an example of a linear regression with the yields a wide range of numbers of cyclones fitting the linear regression over the range in values of the index, visual inspection also shows that there is a cluster of several points with the greatest numbers of cyclones at high values of the index. Methods other than traditional linear regression may help to enhance the predicted range in future studies. Additionally, choosing a less restricted region of interest may help in getting a larger sample of cyclones and strong wind events at multiple locations.
Although teleconnection indices are empirically based, their full exploitation is aided by understanding of the mechanism by which the pattern measured by the index affects seasonal climate in a given region, or how that pattern is a signature of a process originating elsewhere. This chain of causality is not fully explored here, and might be a goal of future research. However, as alluded by Figure 9 , the patterns associated with the custom indices, are causing shifts in the jet stream and its relative strength over North America and the North Atlantic that lead to changes in cyclone tracks and winds. Another possibility takes the cause and effect in the opposite direction: increased cyclone activity over North America might reduce the overall meridional temperature gradient, and as this air is carried over the Atlantic, a dipole in height fields can develop in the lower and mid-troposphere. Because a variety of patterns have been identified here that have some correlation to cyclones and wind events, investigations into causal mechanisms will require thoughtful prioritization and much work.
An alternative method of seasonal prediction of cyclone activity was investigated by Compo and Sardeshmukh (2004) . They found that many-member ensembles of seasonal runs of the National Centers for Environmental Prediction (NCEP) Medium-Range Forecast model (MRF9) and of the National Center for Atmospheric Research (NCAR) Community Climate Model (CCM3) produce minima in the expected skill of forecasts of storm tracks in a zonal band across North America that includes the Laurentian Great Lakes region, as indicated by signal-to-noise ratio within the model ensemble. However, G. Compo (2006, personal communication) shows that an ensemble of runs of the Geophysical Fluid Dynamics Laboratory (GFDL) R30 General Circulation Model yields greater predictability in this region. Overall, the range of studies that attempt to correlate cyclone passages with teleconnection indices is limited, and the present study is one of the first to attempt such correlation with wind events.
CONCLUSIONS
Maps were presented on a seasonal basis that showed the difference in 700 hPa height patterns between years with high numbers and low numbers of cyclone passages through Lake Erie, and high and low numbers of strong wind events at Cleveland Hopkins Airport. These show that both cyclones and strong wind events often are associated with patterns resembling the negative phase of the NAO, or with some aspects more closely resembling the AO because of their spread across longitudes.
Custom teleconnection indices were derived from these maps of 700 hPa height differences, and the seasonal means of each of these indices were linearly regressed against the number of cyclones and the number of strong wind events in that season for each year. This procedure led to moderate, but statistically significant, correlation coefficients. This gives some basis for probabilistic prediction of cyclone passages and strong wind events at Lake Erie.
In order to make skillful predictions based on the empirical relations presented here, there must be skillful predictions of the 700 hPa height. This is more often approached through standard teleconnection indices, such as PNA and NAO. Being based on leading large-scale modes of variability in the atmosphere, or in the atmosphere-ocean system, there is often a stronger signal in these indices and sometimes greater predictability. It may be possible to construct linear combinations of standard teleconnection indices in order to approximate the kind of custom indices developed here. Care should also be taken because there is some possibility that in fact a predominance of cyclones in the midlatitudes of North America may be causing the large-scale patterns in 700 hPa height, rather than the other way around. Another approach is the Classification and Regression Tree (CART) approach used in Rodionov and Assel (2000) , which conceptualizes the effect of teleconnection patterns in a non-linear way, depicting their effects as step changes in cli-
